Purpose-Urological disorders are the most common cause of pediatric chronic kidney disease. We determined the characteristics of children with urological disorders and assessed the agreement between the newly developed bedside glomerular filtration rate estimating formula with measured glomerular filtration rate in 586 patients in the Chronic Kidney Disease in Children study.
growth delay. There is good agreement between the newly developed Chronic Kidney Disease in Children estimating equations and measured glomerular filtration rate in this population.
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congenital; hereditary; and neonatal diseases and abnormalities; glomerular filtration rate; kidney failure; chronic; pediatrics; urology Urological disorders account for up to 60% of underlying diagnoses in children 0 to 12 years old with chronic kidney disease. [1] [2] [3] The leading urological causes of chronic kidney disease include obstructive uropathy, reflux nephropathy and kidney aplasia/hypoplasia/ dysplasia. 1, 4, 5 Obstructive uropathy and aplastic/hypoplastic/dysplastic kidneys each account for 16% of patients undergoing renal transplantation in the NAPRTCS registry. 1 In the ItalKid Project 25.4% of 1,348 pediatric patients had a diagnosis of vesicoureteral reflux, and among children with chronic kidney disease at baseline the risk of ESRD by age 20 was 56%. 5 In a recent analysis of the NAPRTCS registry 8.5% of pediatric patients had vesicoureteral reflux as a cause of kidney failure. 6 Pediatric urologists have an important role in identifying children at risk for chronic kidney disease in collaboration with the pediatric nephrologist. To optimize the long-term outcome for these children, it has been suggested that renal function be monitored through time. 7, 8 Although preservation of kidney function is a primary goal of urological treatment, few data exist regarding the best way to monitor kidney function in this patient population. While glomerular filtration rate is considered the best measure of kidney function, serum creatinine alone is a poor indicator of GFR in children with CKD. As an alternative to creatinine, the National Kidney Foundation has released guidelines recommending GFR estimating equations as a preferable measure of kidney function. In the past the original Schwartz formula was recommended, which was initially developed in 1976. 9 Recently Schwartz et al demonstrated that the newly derived CKiD equation provides excellent estimation of GFR, better than previously published formulas such as the original Schwartz and Filler equations. [10] [11] [12] CKiD provides a unique opportunity to study children with urological disease leading to CKD. The objectives of this study were to determine the demographic and clinical characteristics of children in the CKiD cohort with underlying urological disorders, and to present the newly developed CKiD derived estimating equation and updated bedside formula in children with urological disease.
MATERIALS AND METHODS

Chronic Kidney Disease in Children Study
The CKiD study is a prospective, observational cohort of children with moderate CKD. 13 There are 2 clinical coordinating centers and 48 recruitment sites in the United States and Canada (http://www.statepi.jhsph.edu/ckid). Institutional review board approval for the study was obtained at each site. The study began in 2003, enrollment commenced in 2005 and longitudinal followup is planned through 2013. Inclusion criteria consisted of age 1 to 16 years and mild to moderate impairment in kidney function as defined by an estimated GFR of 30 to 90 ml/min/1.73 m 2 by the original Schwartz formula. 9 This level of GFR was consistent with moderate CKD but was not yet severe enough to require dialysis or be considered ESRD. The original Schwartz equation, based on a constant (child height in cm and serum creatinine), is calculated as, [k × Ht(cm)]/SCr, where Ht is height, SCr is serum creatinine, and k = 0.45 for males and females 12 to 18 months, 0.55 for males 19 months to less than 13 years and females 19 months and older, and 0.7 for males 13 to 20 years. 9 For this analysis cross-sectional baseline data, including demographics, clinical variables, GFR and physical examination, were assessed at study entry for all participants with an underlying urological diagnosis as ascertained from the eligibility form. Demographics and descriptive epidemiology were determined from the general history and medical history forms.
Measurement and Estimation of Glomerular Filtration Rate
The level of kidney function, iGFR, was measured by the iohexol clearance protocol as described previously. 11 Recently a new CKiD derived estimating equation (eGFR) has been developed based on child height, serum creatinine, cystatin C (CysC) and blood urea nitrogen, which is, 39. 
Statistical Analysis
A cross-sectional analysis of children was performed using baseline data from the CKiD study. A single primary diagnosis was determined by the local practitioner or nephrologist. Diagnoses that were either congenital anomalies of the kidney and urinary tract or acquired structural causes of CKD were categorized as urological and included obstructive uropathy, aplastic/hypoplastic/dysplastic kidneys, reflux nephropathy, prune belly syndrome and other causes. 8 Nonparametric statistics (medians and interquartile ranges) were used to describe the demographic and clinical characteristics of the cohort. Kruskal-Wallis analysis, using Wilcoxon rank sum and Fisher's exact tests, was used to compare characteristics among urological disease subgroups.
Estimated GFR was calculated according to previously published formulas (CKiD eGFR and bedside GFR), and agreement was assessed with comparison of the measured iohexol GFR at the same visit. Agreement was measured by extending methods proposed by Bland and Altman. 14 Agreement was specifically described by correlation, bias (relative difference between estimated GFR and iGFR values) and ratio of standard deviations. 11 Correlations were calculated with Fisher 95% confidence intervals. In the Bland-Altman plot the bias was calculated as the intercept of the difference between the estimating GFR equation and iGFR centered around the mean of the average between the estimating GFR equation and iGFR. The ratio of standard deviation was calculated as the antilog of the slope of this line as described previously. 11 Since a portion of subjects were used to develop the estimated GFR equation, we performed a secondary validation analysis that describes the agreement among subjects who were new to the study since the equation was developed. Enhanced histograms graphically depict the bias, variance and correlation comparing the estimated GFR by the CKiD bedside equation and corresponding iGFR value, showing data for each subject in this subset.
RESULTS
Baseline Characteristics of Cohort
At the baseline visit 586 children had at least 1 measure of GFR available. Of these children 348 (59%) had an underlying urological diagnosis (obstructive uropathy in 118, aplastic/ hypoplastic/dysplastic kidneys in 104, reflux nephropathy in 87, prune belly syndrome in 11 and other causes in 28). Other cause diagnoses included hydronephrosis (10 patients); vertebral and vascular anomalies, anal atresia, esophageal atresia and/or tracheoesophageal fistula, and radial and renal anomalies/vertebral, anal, cardiac, tracheal, esophageal, renal and limb abnormalities (6); unknown (4); multiple diagnoses (4); bladder exstrophy (1); cross-fused ectopic kidneys (1); rhabdomyosarcoma (1), and spina bifida (1). Median patient age was 9 years and median duration of CKD was 7 years. Children with underlying urological disorders were predominantly male (67%), white (67%), young at onset of kidney disease (median less than 1 year), and were in the 24th percentile for height and 40th percentile for weight compared to norms at entry into the study. Of the patients 21% had low birth weight and 52% required ICU treatment after delivery. Median serum creatinine was 1.2 mg/dl and median serum cystatin C was 1.8 mg/l. Median GFR as measured by iohexol plasma disappearance for children with urological disorders was 44.8 ml/min/1.73 m 2 (normal 90 to 120). 15 Among children with CKD due to urological disorders the highest proportion of males was among those with obstructive uropathy (85%). Median age at presentation was less than 1 year for those with obstructive uropathy or aplasia/hypoplasia/dysplasia and 1.7 years for those with a primary diagnosis of reflux. A substantial proportion (21%) of all children with CKD due to urological disease had a history of low birth weight, and 20% had uncontrolled hypertension (systolic or diastolic blood pressure above 95th percentile based on age, gender and height). More than half of those with obstructive uropathy or aplasia/hypoplasia/ dysplasia had been in the ICU after delivery, while 36% of those with reflux had been in the neonatal ICU. Of children with urological disorders 291 had seen a urologist at a median age of less than 1 year, 238 had undergone a urological procedure and 151 had had a kidney infection. Of children with reported kidney infection an average of 1 infection was reported during the first year of life. The most commonly reported methods of diagnosis of underlying cause of kidney disease were ultrasound and voiding cystourethrogram (table 1).
Estimation of Glomerular Filtration Rate
There were 326 subjects who had valid serum creatinine, cystatin C and iGFR measurements, by which we assessed agreement between estimated GFR and iGFR. Median estimated GFR by the full CKiD equation, which includes serum creatinine and cystatin C, was 43.5. The correlation of measured to estimated GFR was excellent for the full (r = 0.85) and abbreviated bedside (r = 0.80) CKiD formulas, although slightly better for the full equation ( fig. 1 ). Median GFR as estimated by the CKiD bedside equation was 44.3. Both equations performed better in this population than the original Schwartz formula, which overestimates significantly as reported previously by the CKiD study. 11 A Bland-Altman plot is presented in figure 2 , comparing the CKiD bedside GFR equation with the iGFR measurement. The correlation was good (r = 0.80) with minimal average bias (average difference −0.5 ml/min/1.73 m 2 ) with a minimal change in dispersion (ratio of SDs 1.02). Among the 326 subjects 119 were not used in the equation development and are represented by the solid points in figure 2 . We assessed agreement in this subset and present the results in figure 3 . Again, the bedside eGFR equation indicated comparable agreement when the subjects were pooled, thus validating the equation in this sub-population (r = 0.81, average bias −0.2 ml/min/1.73 m 2 and equal dispersions [ratio of SDs] 0.98).
An analysis of the agreement of iohexol GFR with the CKiD bedside estimating equation was then performed for each subgroup of children with urological disorders (obstructive uropathy, aplastic/hypoplastic/dysplastic kidneys, reflux nephropathy, other). Table 2 reveals a slight overestimation bias between the bedside and iGFR among the aplastic subgroup. However, no significant bias was observed. The biases were small, all within 2 ml per minute.
DISCUSSION
Among children in the CKiD cohort 59% had underlying urological diagnoses. The etiologies causing CKD are similar to those previously reported in large CKD registries, including NAPRTCS and the ItalKid Project. 1, 5, 16 In the CKiD study children with underlying urological disorders were predominantly male, and many had low birth weight and received ICU treatment after birth. Most patients were diagnosed early in life via ultrasound, were seen by a urologist before age 1 year and had undergone a urological procedure. These findings suggest that urologists in partnership with nephrologists have the opportunity to identify children at high risk for kidney disease progression and those comorbid conditions such as high blood pressure, low weight and short stature, which persist into childhood.
In our analysis of the subgroup with urological disorders in the CKiD cohort the newly developed CKiD estimating equations, eGFR and bedside GFR, had good correlation and low bias, indicating good agreement with the measured iohexol GFR, an improvement over prior estimating equations. 10, 11 The newly developed CKiD bedside GFR estimating equation is a simple, easily used tool that requires only serum creatinine and height, similar to the original Schwartz equation but with an updated coefficient. Thus, this equation can be used by the practicing urologist to assess level of kidney function in this high risk population.
There are also other markers of progression of kidney disease in addition to GFR. In the past nadir serum creatinine was found to be a predictor of future kidney function in children with structural causes of CKD, including posterior urethral valves, vesicoureteral reflux and prune belly syndrome, but was not as reliable a predictor among patients with cloacal malformations. [17] [18] [19] [20] However, following changing kidney function in children with serum creatinine alone can be misleading. While serum creatinine normally increases as children age, a small increase in serum creatinine (0.1 or 0.2 mg/dl) can portend a significant reduction in kidney function, especially if not accompanied by a corresponding increase in body size and muscle mass. Estimating GFR by calibrating creatinine to height using estimating equations can help mitigate this problem. Serum cystatin C and beta trace protein also hold promise for estimating kidney function in the future. [21] [22] [23] A prior study of the CKiD cohort demonstrated that proteinuria is also associated with decreased GFR in addition to glomerular causes of CKD and nonwhite race. 24 Although this study sample is large, this analysis has a number of limitations. It is crosssectional in nature and cannot assess causes of decline in kidney function among study participants. Additionally as the formula was developed in the CKiD population (including children with urological and nonurological causes of kidney disease), its excellent agreement with measured GFR in this subgroup analysis is not surprising. However, the levels of agreement were essentially the same when the subset of subjects not used for equation development was analyzed ( fig. 3) . Additional validation in a larger population of children with urological disease causing CKD may be useful to extend these inferences.
In our analyses of urological diagnosis subgroups another potential limitation was ascertainment of underlying diagnosis causing kidney disease. The attributed cause of kidney disease was physician reported or determined from chart review. However, only 1 primary diagnosis was recorded, and, therefore, it is possible that an individual participant could have multiple urological diagnoses (such as posterior urethral valves and vesicoureteral reflux). In addition, the distribution of causes of urological disease in the CKiD cohort might not be generalizable to the broader population of children with CKD. Selection bias may be present, as these participants were recruited from pediatric nephrology clinics in the United States and Canada. All cases already had compromised kidney function at study entry, and, therefore, likely represent more severe disease than all children with congenital abnormalities of the kidneys and urinary tract. Thus, these findings may have limited extrapolation to a general pediatric urology clinic population.
The new CKiD equations have been developed in a population of children with moderate to severe kidney disease and have not been prospectively validated in a population of children with normal or near normal kidney function and stature. When applied to a population based sample, estimates suggest that the new CKiD equations may underestimate kidney function among children with normal or mildly impaired kidney function. 25 However, another study found good agreement of the new CKiD equations in a direct comparison with measured GFR. 26 Despite these limitations, this study provides needed information about the characteristics of children with CKD due to urological diagnoses, and more accurate ways to estimate and monitor GFR among these children who are at risk for further decline in kidney function and ultimately ESRD requiring dialysis or transplant. The newly developed CKiD estimating equations may be used to estimate kidney function among children with moderate to severe renal impairment.
CONCLUSIONS
Underlying urological causes of CKD were present in 59% of participants in the CKiD study. These cases were diagnosed early in life, and many were low birth weight and continued to have growth delay. The full and bedside CKiD estimating equations estimated GFR well in this population. Agreement plot for observed iGFR and bedside GFR in testing data set comprised of participants who were not included in equation development. Table 1 Parent reported urological procedures and infection in children with urological disease 80 (75) 48 (56) 70 (91) 19 (68) <0.001
Nuclear medicine study 136 (49) 47 (48) 29 (35) 44 (63) 16 (55) 0.006
Magnetic resonance imaging 56 (21) 22 (23) 15 (19) 11 (17) 8 (27) 0.636
Computerized tomography 57 (21) 21 (22) 15 (18) 15 (21) 6 (21) 0.947
Excretory urography 40 (15) 11 (12) 11 (14) 12 (19) 6 (21) 0.510
Genetic testing 24 (9) 7 (7) 13 (15) 2 (3) 2 (7) 0.059
Kidney biopsy
11 (4) 4 (4) 4 (4) 2 (3) 1 (3) 0.970
Other 57 (22) 17 (18) 13 (17) 18 (27) 9 (32) 
